Rudroff T, Justice JN, Holmes MR, Matthews SD, Enoka RM. Muscle activity and time to task failure differ with load compliance and target force for elbow flexor muscles. J Appl Physiol 110: 125-136, 2011. First published October 28, 2010 doi:10.1152/japplphysiol.00605.2010.-The primary purpose of this study was to determine the influence of load compliance on time to failure during sustained isometric contractions performed with the elbow flexor muscles at four submaximal target forces. Subjects pulled against a rigid restraint during the force task and maintained a constant elbow angle, while supporting an equivalent inertial load during the position task. Each task was sustained for as long as possible. Twenty-one healthy adults (23 Ϯ 6 yr; 11 men) participated in the study. The maximal voluntary contraction (MVC) force was similar (P ϭ 0.95) before the subjects performed the force and position tasks at each of the four target forces: 20, 30, 45, and 60% of MVC force. The time to task failure was longer for the force tasks (576 Ϯ 80 and 325 Ϯ 70 s) than for the position tasks (299 Ϯ 77 and 168 Ϯ 35 s) at target forces of 20 and 30% (P Ͻ 0.001), but was similar for the force tasks (178 Ϯ 35 and 86 Ϯ 14 s) and the position tasks (132 Ϯ 29 and 87 Ϯ 14 s) at target forces of 45 and 60% (P Ͼ 0.19). The briefer times to failure for the position task at the lower forces were accompanied by greater rates of increase in elbow flexor muscle activity, mean arterial pressure, heart rate, and rating of perceived exertion. There was no difference in the estimates of external mechanical work at any target force. The dominant mechanisms limiting time to failure of sustained isometric contractions with the elbow flexor muscles appear to change at target forces between 30 and 45% MVC, with load compliance being a significant factor at lower forces only. elbow flexors; electromyogram; metabolites; muscle fatigue PREVIOUS WORK HAS SHOWN THAT the mechanisms responsible for the decline in force during a fatiguing contraction depend on the specific demands of the task being performed, such as contraction intensity (29) and load compliance (16). In a seminal study on the influence of load compliance, Hunter et al. (22) found that the time to task failure for a submaximal contraction [15% maximal voluntary contraction (MVC) force] with the elbow flexors was twice as long when subjects exerted a constant force by pulling against a noncompliant restraint (force task) compared with maintaining a constant elbow angle while supporting an equivalent inertial load (position task). Despite each subject exerting a similar net muscle torque during the two tasks, the briefer time to failure when supporting the compliant load during the position task was accompanied by greater rates of increase for indirect measures of central neural activity, but similar rates of increase in electromyogram (EMG) amplitude for the two tasks.
PREVIOUS WORK HAS SHOWN THAT the mechanisms responsible for the decline in force during a fatiguing contraction depend on the specific demands of the task being performed, such as contraction intensity (29) and load compliance (16) . In a seminal study on the influence of load compliance, Hunter et al. (22) found that the time to task failure for a submaximal contraction [15% maximal voluntary contraction (MVC) force] with the elbow flexors was twice as long when subjects exerted a constant force by pulling against a noncompliant restraint (force task) compared with maintaining a constant elbow angle while supporting an equivalent inertial load (position task). Despite each subject exerting a similar net muscle torque during the two tasks, the briefer time to failure when supporting the compliant load during the position task was accompanied by greater rates of increase for indirect measures of central neural activity, but similar rates of increase in electromyogram (EMG) amplitude for the two tasks.
The influence of load compliance on time to task failure, however, depends on contraction intensity (16) . For example, time to failure for the position task (593 Ϯ 212 s) with the first dorsal interosseus was 60% of that for the force task (983 Ϯ 328 s) at a target force of 20% MVC, whereas there was no difference in time to failure for the two tasks (93 Ϯ 41 and 86 Ϯ 31 s, respectively) when the target force was 60% MVC force (28) . The amplitude of the EMG signal for the hand muscle increased more rapidly during the position task than the force task at the lower target force, but there was no difference between the two tasks at the higher target force. As the upper limit of motor unit recruitment is ϳ50% MVC force for first dorsal interosseus (11, 32) , all motor units were active from the onset of the contraction at the higher target force, and EMG amplitude increased at similar rates during the force and position tasks. Consequently, Maluf et al. (31) concluded that load compliance influences the rate at which the motor unit pool is recruited when the target force is set below the upper limit of recruitment. However, time to task failure during a sustained contraction can also be influenced by the rates of change in voluntary activation, responsiveness of some reflex pathways (15) , muscle activation strategies (21, 46, 49) , oxygen delivery and energy demands of the involved muscles (26) , and the integrity of excitation-contraction coupling (17) .
The primary purpose of the present study was to compare the times to failure for the force and position tasks performed with the elbow flexor muscles at target forces of 20, 30, 45 , and 60% MVC force, which were all below the upper limit of motor unit recruitment for biceps brachii. A secondary purpose was to compare estimates of the relative amounts of external work performed during the two types of fatiguing contractions. As external mechanical work corresponds to the product of force and displacement in the direction of the applied force and the average force applied to the load by each participant was similar for the two tasks, the force fluctuations during the two tasks were used to estimate the external work done by the muscles at each target force. Preliminary results from this study have been presented in abstract form (39) .
METHODS
Twenty-one healthy adults (23 Ϯ 6 yr; 10 men) participated in the study. All subjects completed a general health screening and reported no neurological or cardiovascular ailments. The Human Subjects Committee at the University of Colorado in Boulder approved the protocol, and each subject provided written, informed consent before participating in the study. The experimental design and procedures were similar to those described previously (22, 40) .
Experimental Arrangement
Each participant was introduced to the study in a familiarization session in which the experimental setup and the procedures were demonstrated. The subsequent experimental sessions involved per-forming the force and position tasks with the forearm parallel to the ground (Fig. 1) . The experimental sessions were typically scheduled once per week at the same time and day of the week. As such, subjects were asked to commit to a minimum of two testing sessions (force and position task for a single target force) and to participate in four testing sessions (2 tasks at 2 target forces) if possible, which required a 1-mo commitment to the project. One subject was able to participate in testing sessions for three target forces. Consequently, the subjects performed the two tasks with different combinations of target forces: two performed contractions at only 20%, one only at 30%, three at 20 and 30%, three at 30 and 45%, four at 45 and 60%, two at 20 and 45%, two at 20 and 60%, three at 30 and 60%, and one at 20, 30, and 45%. Nonetheless, there were equal numbers of men and women at each target force. Once our subjects' availability was determined, the order in which the tasks and the target forces were performed was counterbalanced across subjects.
The force task required the subject to maintain a force that was equal to 20, 30, 45, or 60% MVC force, whereas the position task required the subject to maintain the elbow joint at a right angle while supporting an inertial load that was equivalent to 20, 30, 45, or 60% of the MVC force. Visual feedback of the force (1% MVC/cm) exerted at the wrist during the force task and of the elbow angle (1°/cm) during the position task was provided via a customized Labview program (version 8.2, National Instruments, Austin, TX). These visual gain settings resulted in a similar amount of on-screen movement of the cursor caused by the typical fluctuations observed in the force and position tasks, respectively (34) .
Subjects performed the tasks seated in an upright position with the left upper arm vertical and forearm horizontal and in a neutral posture. The left hand and forearm were placed in a modified wrist-handthumb orthosis (Orthoamerica, Newport Beach, CA) and attached to a strain-gauge transducer (200-lb. range, SB200, S/N 174968, Transducer Techniques, Temecula, CA) that was in line with the direction of restraint for the force task or in series with the inertial load for the position task (see Fig. 1 ). The inertial load was suspended from the subject's wrist at the same location as the cable, providing restraint during the force task. An adjustable cable connected the wrist to a rigid restraint for the force task to achieve the desired elbow joint angle of 1.57 rad. Elbow joint angle during the position task was measured with an electrogoniometer (SG110 and K100, Biometrics, Cwmfelinfach, Gwent, UK) that was secured to the lateral elbow joint. Strain gauge and goniometer output was displayed, recorded, and stored on a computer.
EMG signals were recorded with bipolar surface electrodes (AgAgCl, 8-mm diameter; 20-mm distance between electrodes) placed distal to the innervation zones for the short and long heads of biceps brachii, brachioradialis, triceps brachii, and the upper trapezius muscle. The EMG signal was amplified ϫ1,000, band-pass filtered (13-500 Hz; Coulbourn Instruments, Allentown, PA), and recorded on a computer. The force signal was low-pass filtered (0 -50 Hz; Coulbourn Instruments) and then recorded and stored on a computer. The force, position, and EMG signals were digitized at 1,000 samples/s.
Heart rate and mean arterial pressure (MAP) were recorded at 200 samples/s during the sustained, submaximal contractions with an automated blood pressure monitor (Finapres 2300, Ohmeda, Madison, WI). The blood pressure cuff was placed around the middle finger of the right hand, and the relaxed arm was placed on a flat surface with the hand at the level of the heart. Ratings of perceived exertion (RPE) were recorded with the modified Borg 10-point scale (6) . The subjects were instructed to estimate the effort of the arm muscles performing the task. The scale was anchored so that 0 denoted the resting state, and 10 represented the strongest effort that the arm and shoulder muscles were able to achieve.
Experimental Protocol
The experimental sessions included measurements of the MVC force, maximal EMG of the elbow flexor and extensor muscles and the trapezius muscle, and a submaximal contraction sustained to task failure that was immediately followed by an MVC. Subjects performed the force and position tasks to failure for an assigned target force on separate days, with at least 48 h between sessions. Subjects were not informed of the times to task failure until the completion of all sessions.
MVC force. Each subject was instructed to increase the force exerted by the wrist over 3 s from zero to maximum and to hold the maximal force for 2-3 s. Subjects were verbally encouraged to achieve maximal force, and rested for ϳ75 s between each of the next two trials. Further trials were completed until the peak force from two of the trials varied by Յ5%. The greatest force achieved by each subject was taken as the MVC force and used as the reference value to compute the target force for the fatiguing contraction.
Fatiguing contraction. Each task required the subject to sustain the submaximal contraction until task failure. The failure criteria for the force task were either an inability to sustain the force within 5% of the target value for Ͼ5 s, or an elevation of the elbow off the pad without correction. The failure criteria for the position task were either an inability to maintain the elbow angle within 0.2 rad of the target for Ͼ5 s, or displacement of the left forearm from the neutral position for 5 s without correction. The required arm position was monitored by visual inspection, and feedback was given to the subject by the same investigators for all experiments. The force and joint angle signals were monitored with Labview (version 7.1 with PCI-6052E, National Instruments, Austin, TX), and a visual signal indicating task termination was displayed when the signals departed from the target values for Ͼ5 s.
Data Analysis
All data were analyzed off-line using the Spike2 data analysis system (Cambridge Electronic Design, Cambridge, UK) and MATLAB (version 7.2, R2006a, MathWorks, Natick, MA). Heart rate and MAP during the fatiguing contractions were quantified as 20-s averages at 20% increments of task duration. The blood pressure signal was analyzed in 20-s intervals for mean systolic blood pressure (SBP), mean diastolic blood pressure (DBP), and the number of pulses per second for heart rate. MAP was calculated as MAP ϭ DBP ϩ (SBP Ϫ DBP). A: the orthosis was clamped in place during the force task, and the subject pulled against a stiff cable. B: the orthosis was free to move during the position task, and the subject had to support an inertial load (c) that was suspended from the wrist, while maintaining a constant elbow joint angle. The force applied to the load in each task was measured with a force transducer (a) placed in series between the wrist and load. The absolute (SD) and relative (coefficient of variation) fluctuations in force measured with the same strain-gauge transducer (shown as a in Fig. 1 ) were quantified during both tasks. Average values were obtained during either 20-or 10-s intervals, depending on task duration. The rates of change in MAP, heart rate, RPE, and coefficient of variation for force during each task were quantified by the slopes of a linear or exponential fit to the data for individual trials.
The EMG data from the MVC trials for the elbow flexor and extensor muscles and trapezius muscle were rectified, and a 1-s window was advanced through the EMG signal to identify the peak value. The EMG of the trapezius muscle was normalized to the maximal EMG obtained when the seated subject performed a maximal shoulder elevation. The maximal EMGs were recorded before the fatiguing contraction in each session. The EMG activity of the elbow flexors and extensors during the fatiguing contractions was quantified by averaging the rectified EMG (aEMG), either for the first and last 20 s of task time and over 20-s intervals centered around the 20, 40, 60, and 80% time points, or for the first and last 10 s of task time and 10-s intervals, depending on the duration of the task. The EMG values were normalized to the aEMG obtained during the MVC. The rate of change in aEMG during each task was quantified by the slope of a linear or exponential fit to the data for individual trials. Coactivation ratios for the elbow flexors and extensors (triceps brachii/elbow flexors) were quantified by dividing the aEMG and normalized EMG values of the triceps brachii (antagonist) by that for the elbow flexor muscle group (agonist) at each time point.
A Fourier analysis was performed on the interference EMG signals to estimate the changes in the spectral content of the recordings (36) . Autospectral analyses of the EMG signals were obtained using Welch's average periodogram method with a non-overlapping Hanning window. The length of the data segment was 10 s, and the sampling frequency was 1 kHz. The window size was 1,024, which resulted in a resolution of ϳ1 Hz. The spectral data for the EMG signal of each elbow flexor muscle were divided into three bands (0 -9, 10 -29, and 30 -60 Hz) during either the first and last 20 s of task time and over 20-s intervals centered about the 20, 40, 60, and 80% time points, or during the first and last 10 s of task time and 10-s intervals, depending on the duration of the task. The power (%) in each band was expressed as a percentage of the sum of the power from 0 to 300 Hz.
Statistical Analysis
The independent variables were the time to task failure, MAP, heart rate, RPE, coefficient of variation for force, and aEMG activity. Mixed three-factor ANOVAs (task ϫ target force ϫ time) with repeated measures on the three factors were used to compare the coefficient of variation for force, coactivation ratios, MAP, heart rate, and RPE. Mixed two-factor ANOVAs (target force ϫ task) with repeated measures on both factors were used to compare the times to task failure, MVC forces, and rates of increases in aEMG, coefficient of variation for force, MAP, heart rate, and RPE. A mixed four-factor ANOVA (task ϫ target force ϫ time ϫ muscle) with repeated measures on all factors was used to compare the aEMG of the elbow flexors (biceps brachii short and long head, brachioradialis) and triceps brachii during the submaximal contractions. Another mixed three-factor ANOVA (task ϫ muscle ϫ time) with repeated measures on all factors was used to compare the power spectra of the interference EMG in the three frequency bands (0 -9, 10 -29, and 30 -60 Hz) for the elbow flexors. Paired and unpaired t-tests with Bonferroni corrections were used as post hoc tests of differences among pairs of means when appropriate.
Multiple linear regressions and the associated part correlations (r) were performed to examine the contribution of each independent variable (rates of increase in EMG activity of elbow flexor muscle, triceps brachii, trapezius, coefficient of variation for force, power in frequency bands, MAP, heart rate, and RPE) to the time to task failure at each target force. The associated part correlation coefficients were used to identify the unique contribution of each independent variable to the time to task failure. In addition, the associations between two variables were examined with regression analysis and were performed between the following variables: 1) rates of increase in coefficient of variation for force and MAP during the force task at low target forces (20 and 30% MVC); and 2) rates of increase in MAP and RPE. Multiple linear regressions and the associated part correlations (r) were performed to examine the contribution of aEMG activity and the power in the three frequency bands for the interference EMG of the elbow flexor muscles to the coefficient of variation for force.
The strength of the association is reported as the squared Pearson product-moment correlation coefficient (r 2 ), which indicates the proportion of variance for the criterion variable that is accounted for by its linear relation with the predictor variable (20) . The goodness of fit of the model, which indicates how well the linear combination of the predictor variables predicted the criterion variable, is reported as the squared multiple correlation (R 2 ). The relative importance of the predictors was estimated with the part correlations (r), which provide the correlation between the criterion variable and a predictor variable when the linear effects of the other independent variables in the model have been removed from both (20) . A positive sign of the part correlations indicates that the predictor and the criterion are positively related, whereas a negative sign indicates that they are inversely related.
A significance level for all statistical tests was set at P Յ 0.05. Data are reported as means Ϯ SD within the text, and displayed as means Ϯ SE in Figs. 3-7.
RESULTS
MVC force at the beginning of each protocol was similar (task ϫ target force; P ϭ 0.95) across the force and position tasks for each target force. The average decline in MVC force for the four target forces was 24.8 Ϯ 19.6 and 24.5 Ϯ 18.9% (P ϭ 0.94) for the force and position tasks, respectively ( Table 1) .
The absolute target forces were 35 Ϯ 14, 50 Ϯ 25, 68 Ϯ 30, and 88 Ϯ 34 N for the relative target forces of 20, 30, 45, and 60% MVC. Time to task failure declined as target force increased (force main effect; P Ͻ 0.001). Time to failure was longer for the force task than for the position task (task ϫ target force; P Ͻ 0.001) when the target forces were 20 and Values are means Ϯ SD in Newtons; n, no. of subjects who performed the two tasks at each target force. %⌬, percent change; MVC, maximal voluntary contraction. *P Ͻ 0.05 compared with before MVCs. 30% MVC (post hoc, P Ͻ 0.02), but there was no statistical difference in the times for the two tasks at target forces of 45 and 60% MVC (post hoc, P Ͼ 0.19) ( Table 2) . Furthermore, subjects who had long times to failure for the force task at low target forces also had long times to failure for the position task (r 2 ϭ 0.48, P ϭ 0.002), whereas the association was weaker for the higher target force (r 2 ϭ 0.19, P ϭ 0.053).
EMG Amplitude
The EMG activity for all elbow flexor muscles increased during the fatiguing contractions, as indicated by the representative data shown in Fig. 2 . aEMG increased with time (time main effect; P Ͻ 0.001) at all four target forces when the data were collapsed across the force and position tasks ( Table 3 ). The influence of task on the increase in aEMG varied with target force (Fig. 3) . At the target force of 45% MVC, the increase in flexor aEMG was similar for the two tasks (P Ͼ 0.14). Although the rate of increase in elbow flexor aEMG was also similar during the two tasks at the target force of 60% MVC, an interaction between task ϫ time ϫ target force (P Ͻ 0.0001) indicated that the aEMG was greater at all six time points (post hoc, P Ͻ 0.003) during the force task compared with the position task. In contrast, the rate of increase in elbow flexor aEMG, quantified by the exponential coefficient e a , was greater during the position task than the force task at the two lowest target forces (20% MVC: 1.002 Ϯ 0.0016 vs. 1.001 Ϯ 0.00087, post hoc, P ϭ 0.01; 30% MVC: 1.003 Ϯ 0.0021 vs. 1.002 Ϯ 0.0017, post hoc, P ϭ 0.047).
The aEMG of the triceps brachii increased with time (time main effect; P Ͻ 0.001) at all four target forces when the data were collapsed across task (Table 3 ). There were no task differences in triceps brachii aEMG for any of the target forces (post hoc, P Ͼ 0.05). The coactivation ratios [aEMG (%MVC) for triceps brachii/elbow flexors] did not change during the sustained contractions and were comparable between tasks at each time point for all four target forces: force task, start: 0.63 Ϯ 0.49, end: 0.5 Ϯ 0.28; position task, start: 0.6 Ϯ 0.39, end: 0.55 Ϯ 0.32 (task ϫ time ϫ target force; P ϭ 0.9).
The aEMG of the trapezius muscle increased with time (time main effect; P Ͻ 0.0001) at all four target forces when the data were collapsed across task (Table 3) . However, the rate of increase in aEMG for the trapezius was influenced by task, and this effect varied with target force (Fig. 4) . Trapezius aEMG increased at a greater rate during the position task at the target forces of 20% (1.003 Ϯ 0.001 and 1.003 Ϯ 0.002) and 45% (1.008 Ϯ 0.01 and 1.005 Ϯ 0.006) (task ϫ target force, P Ͻ 0.05; post hoc, P Ͻ 0.05). Although the rate of increase in trapezius aEMG did not differ between tasks at the other two target forces, there were differences in its amplitude. Averaged across time, trapezius aEMG was greater for the position task compared with the force task at the target forces of 30% (38.6 Ϯ 16 vs. 27.3 Ϯ 15.6% MVC) and at 60% (41.4 Ϯ 19.9 vs. 33.7 Ϯ 16.5% MVC) (task ϫ target force, P ϭ 0.024, post hoc, P Ͻ 0.0005), reaching a peak aEMG value of 66.2 Ϯ 25.3% MVC at the end of the position task for the 60% target force. The trapezius aEMG amplitude and its rate of increase was greater for the force task at 45 and 60% (40.6 Ϯ 8.5% MVC and 1.006 Ϯ 0.005, respectively) compared with 20 and 30% (20.5 Ϯ 8.3% MVC and 1.002 Ϯ 0.002, respectively) target forces (task ϫ target force, P ϭ 0.007; post hoc, P Ͻ 0.0001, and post hoc, P ϭ 0.0013, respectively).
Spectral Analysis
The normalized power in the three frequency bands (0 -9, 10 -29, and 30 -60 Hz) for the interference EMG of all elbow flexor muscles increased during the fatiguing contractions (time main effect; P Ͻ 0.001). A task ϫ frequency band ϫ time interaction (P ϭ 0.004) indicated that power in the 10-to 29-Hz band was higher during the force task than the position task toward the end of the fatiguing contractions at all four target forces (post hoc tests, P Ͻ 0.02; Fig. 5 ), whereas there were no statistical differences between tasks for the power in the 0-to 9-Hz and 30-to 60-Hz bands (post hoc tests, P Ͼ 0.3).
Fluctuations In Force
The coefficient of variation for the force applied to the load averaged across the four target forces was greater during the force task (4.8 Ϯ 2.7%) than the position task (2.8 Ϯ 1.5%) (task main effect, P Ͻ 0.001). This difference, however, was attributable to a task ϫ time interaction (P Ͻ 0.001) due to the coefficient of variation for force being significantly greater at the last two time points during the force task (6.1 Ϯ 3.2 and 9.4 Ϯ 4.3%) compared with the position task (3.4 Ϯ 1.8 and 5.5 Ϯ 3.1%) at all target forces (post hoc tests, P Ͻ 0.001) (Fig. 6) . The rates of increase in the coefficient of variation for force were similar for both tasks at each target force (task ϫ target force, P ϭ 0.637).
Multifactor regression analysis was used to predict the coefficient of variation for force from the aEMG values and the power in three frequency bands of the interference EMG of the elbow flexors. The only significant predictor of the coefficient of variation for force during the force task was the power in the 10-to 29-Hz frequency band (R 2 ϭ 0.19, P Ͻ 0.0001). In contrast, the coefficient of variation for force during the position task was predicted by the linear contribution of the aEMG of the elbow flexors (part r ϭ 0.02, P ϭ 0.016) and the power in the 10-to 29-Hz frequency band (part r ϭ 0.08, P ϭ 0.011), but the association was weak (R 2 ϭ 0.08, P ϭ 0.001).
MAP, Heart Rate, and RPE
MAP increased during both tasks (P Ͻ 0.001) at all four target forces. MAP was similar at the beginning of the fatiguing contractions for the force and position tasks (99 Ϯ 12 and 102 Ϯ 16 mmHg, respectively) and at task failure (121 Ϯ 19 and 121 Ϯ 18 mmHg, respectively; P Ͼ 0.65). A task ϫ target force interaction (P ϭ 0.01) indicated that the rates of increase were greater during the position tasks compared with the force tasks at the target forces of 20 and 30% MVC (0.12 Ϯ 0.07 and 0.06 Ϯ 0.04 mmHg/s; post hoc P ϭ 0.006) when collapsed across target forces (Fig. 7A) . At the target forces of 45 and 60%, the increase in MAP was similar for the two tasks (post hoc P ϭ 0.84). MAP values averaged across tasks were greater at 60% MVC (119 Ϯ 9 mmHg) than at 20% MVC (109 Ϯ 7 mmHg), 30% MVC (109 Ϯ 6 mmHg), and 45% MVC (107 Ϯ 7 mmHg) (P Ͻ 0.01). Heart rate also increased during both tasks (P Ͻ 0.001) at all four target forces. It was similar at the beginning of the fatiguing contractions for the force and position tasks (85 Ϯ 11 and 85 Ϯ 17 beats/min, respectively) and at task failure (109 Ϯ 19 and 102 Ϯ 16 beats/min; P Ͼ 0.31) (Fig. 7B) . As with MAP, the rates of increase in heart rate collapsed across target forces were greater during the position tasks (0.1 Ϯ 0.06 beats·min Ϫ1 ·s Ϫ1 ) at target forces of 20 and 30% MVC compared with the force tasks (0.05 Ϯ 0.03 beats·min Ϫ1 ·s Ϫ1 ; post hoc P ϭ 0.003) (Fig. 7B) . The rates of increase in heart rate during the position (0.23 Ϯ 0.2 beats·min Ϫ1 ·s Ϫ1 ) and force tasks (0.12 Ϯ 0.1 beats·min Ϫ1 ·s Ϫ1 ) collapsed across the target forces of 45 and 60% MVC were not statistically different (post hoc P ϭ 0.07). Heart rate values averaged across tasks were greater at 60% MVC (106 Ϯ 7 beats/min) than at 20% MVC (86 Ϯ 8 beats/min), 30% MVC (96 Ϯ 9 beats/min), and 45% MVC (95 Ϯ 8 beats/min) (P Ͻ 0.004).
RPE increased during force and position tasks (P Ͻ 0.001) (Fig. 7C) and was similar at the beginning of the two tasks (3.9 Ϯ 1.2 and 3.7 Ϯ 1.6, respectively; P Ͼ 0.94). A task ϫ target force interaction (P Ͻ 0.001) indicated that the rates of increase in RPE were greater for the position tasks (0.03 Ϯ 0.01 RPE/min) than the force tasks (0.01 Ϯ 0.006 RPE/min) at the two lower target forces (post hoc, P ϭ 0.006), whereas the rate of increase for the RPE was not statistically different for the force (0.06 Ϯ 0.03 RPE/min) and position tasks (0.06 Ϯ 0.02 RPE/min) at the 45 and 60% target forces (post hoc, P ϭ 0.86).
Factors That Contributed to the Time to Failure
Multifactorial regression analyses were used to predict the times to failure for the force and position tasks at the four target forces from the rates of increase in the aEMG activity of the elbow flexor muscles and trapezius, coefficient of variation for force, power in the 10-to 29-Hz frequency band, MAP, heart rate, and RPE. The time to failure for the force task for the low target forces (20 and 30% MVC) was best predicted by the rate of increase in the coefficient of variation for force (R 2 ϭ 0.78, P Ͻ 0.001; Fig. 8A ). As a more rapid increase in the coefficient of variation for force corresponds to a faster increase in contraction intensity, the rate of increase in the coefficient of variation for force was negatively associated with the time to failure (r ϭ Ϫ0.88) and positively associated with the rate of increase in MAP (r 2 ϭ 0.42, P ϭ 0.003). The time to failure for the position tasks at the two lower target forces was predicted by a multiple linear regression function (R 2 ϭ 0.77, P Ͻ 0.001; Fig. 8B ) that included the rates of increase in trapezius aEMG (r ϭ Ϫ0.607), coefficient of variation for force (r ϭ Ϫ0.584), and RPE (r ϭ Ϫ0.518). Subjects with greater rates of increase in these predictors had a briefer time to failure.
Time to failure for the force tasks at high target forces (45 and 60% MVC) was predicted by a multiple linear regression function (R 2 ϭ 0.95, P Ͻ 0.001; Fig. 8C ) that included the rates of increase in MAP (r ϭ Ϫ0.967) and RPE (r ϭ Ϫ0.461). As MAP was positively associated with target force (r 2 ϭ 0.37, P ϭ 0.005) and RPE (r 2 ϭ 0.25, P ϭ 0.025), subjects with higher MVCs had a greater rate of increase in MAP and a briefer time to failure. The time to failure for the position tasks at the higher target forces was predicted by the rate of increase in trapezius aEMG (R 2 ϭ 0.52, P Ͻ 0.001; Fig. 8D ), which was Values are means Ϯ SD in %. Data were collapsed across force and position tasks. Average electromyogram (aEMG) (%MVC) increased from start to end for all muscles and target forces (P Ͻ 0.05). Fig. 3 . Mean Ϯ SE for average EMG (aEMG) amplitude (normalized to the peak MVC value) for the elbow flexor muscles (short and long heads of biceps brachii, brachioradialis) and the elbow extensor muscle (triceps brachii) during the two fatiguing contractions at the four target forces.
negatively associated with the time to failure (partial correlation: r ϭ Ϫ0.72).
DISCUSSION
This study investigated the differences in time to failure of tasks that required force and position control of fatiguing isometric contractions performed at four target forces (20, 30, 45 , and 60% MVC). The two main findings of the present study were as follows: 1) load compliance influenced the time to failure for the sustained isometric contractions at the low target forces (20 and 30% MVC), but not the higher target forces (45 and 60%); and 2) the similar force fluctuations for the two tasks at the end of the position task and the lack of difference in time to failure at higher target forces suggest that external mechanical work was not a primary contributor to the briefer duration of the position task at the low target forces.
Previous studies have shown that load compliance can influence the time to failure during sustained contractions at low target forces (22, 40, 42) , but not when the target force was similar to the upper limit of motor unit recruitment (31) . The present study extends these observations by demonstrating that, as target force increases, the difference in time to failure between force and position tasks decreases. The data indicate that the force level at which there is no longer a difference in time to task failure appears to be located between 30 and 45% MVC force for the elbow flexors and, therefore, must be due to factors other than the upper limit of motor unit recruitment or the external mechanical work performed by the muscles.
Times to Task Failure Differ with Load Compliance for Low-force Contractions
The differences in time to failure for the two tasks at the target forces of 20 and 30% MVC (60 and 52%, respectively) were similar (41-56%) to those observed for the elbow flexors when the two tasks were performed at 15 or 20% MVC force in previous studies, with the arm in the same posture (21, 27, 38) . Also, as observed previously in comparable conditions (5, 39, 41) , the briefer times to failure for the position task were associated with more rapid rates of increase in elbow flexor EMG activity, MAP, heart rate, and RPE, and the coactivation ratio did not vary with load compliance.
At low target forces, the force and position tasks appear to involve different control strategies that are manifested as quite different adjustments in motor unit activity during the two tasks. For example, Mottram et al. (33) recorded the discharge of the same motor unit in biceps brachii when subjects performed the two tasks for an identical duration (161 Ϯ 96 s) at a mean target force of 22.2 Ϯ 13.4% MVC and showed that motor units exhibited a greater decline in mean discharge rate and a more pronounced increase in discharge variability during the position task, presumably due to differences in synaptic input received by the motoneuron pool during the two tasks. Furthermore, the recruitment thresholds of motor units decline more rapidly during the position task (5), motor unit recruitment is augmented during the position task (33), reflex responsiveness is heightened during the less stable task of maintaining limb position (1, 13, 38) , the amplitude of the Hoffmann reflex declines more rapidly during the position task (28) , and there is differential modulation of Ia afferent feedback by presynaptic inhibition during the two tasks (3, 4) . Furthermore, the greater rate of increase in MAP during the position task at the two lower target forces suggests a contribution by the feedback transmitted by group III-IV afferents to the differences in time to failure for the two tasks.
Heart rate and RPE also increased more rapidly during the position tasks at the two low target forces. Increases in the RPE indicate an individual's awareness of the relative intensity of the sustained physical activity and are probably derived from the descending voluntary command (9) . Previous studies (19, 37) found associations between changes in heart rate and RPE during physical activity, whereas others suggest that heart rate may be a more appropriate indicator of exercise intensity (24, 29) . Accordingly, the more rapid increases in heart rate and RPE at the two lower target forces indicate that descending drive to the motoneurons increased at a greater rate during the position task compared with the force task.
The main predictor of the time to failure for the force task at low target forces was the rate of increase in the coefficient of variation for force (Fig. 8A) . The time to failure was negatively associated with the coefficient of variation for force, which was positively related to MAP. As the increase in the coefficient of variation for force denotes an augmentation of contraction intensity, and a rise in MAP suggests an increase in peripheral resistance, the difference in time to failure among participants is likely attributable to differences in the rate of increase in the feedback transmitted by group III-IV afferents (18, 30) during the force task at low target forces.
In contrast, the primary determinants of the time to failure for the position task at the low target forces were the rates of increase in trapezius aEMG, coefficient of variation for force, and RPE. All three predictors were negatively associated with the time to failure of the position task. In addition to the (Fig. 1) during mechanisms that increased the coefficient of variation for force during the force task, the position task at low forces was limited by postural EMG activity in trapezius and the signals underlying the RPE. As the rate of increase in the coefficient of variation for force was similar for the force and position tasks, the briefer time to failure for the position task at the low forces was due to more rapid increases in trapezius aEMG and RPE.
No Differences in Times to Task Failure for Higher Intensity Contractions
In contrast to the findings for the two low target forces, there were no task differences in the time to failure at the higher target forces. The results suggest that blood flow occlusion and the level of accessory muscle activity played a more significant role in limiting task duration at the two higher forces than at the two lower forces.
A major contributor to the absence of a difference in time to failure for the two higher forces was likely the influence of contraction intensity on perfusion of the active muscles. Blood flow would have been occluded at the onset of the contractions at the high target forces, whereas the interruption would have developed more gradually at the lower target forces (10, 14, 42, 44) . As disruption of blood flow impedes the delivery of oxygen and the removal of metabolites, it can have a profound impact on both muscle function and the afferent feedback delivered to the spinal cord (2, 8, 14, 32, 43, 48) .
As blood flow was likely occluded at the onset of the fatiguing contractions at both high target forces, there would have been a more rapid accumulation of metabolites during the contractions at 60% MVC force due to the contractions requiring a greater initial activation of the motor unit pools. The faster accumulation of metabolites during the contractions at 60% MVC force would have been responsible for the briefer time to failure and the greater average values for MAP and heart rate compared with the adjustments during the contractions at 45% MVC force. The significance of metabolite accumulation on the performance of fatiguing contractions is underscored by the simulation results of Dideriksen et al. (14), who found that differences in the time to failure were more related to declines in the force capacity of muscle fibers than changes in descending drive, excitatory feedback, or inhibitory feedback to the motoneuron pool, motor unit twitch characteristics, or the volume of the extracellular compartment to accommodate the metabolites. Accordingly, the main predictors of the time to failure for the force tasks at high target forces were MAP and RPE; subjects with greater rates of increase in these two predictors had briefer times to task failure. In contrast, the only predictor of the time to failure for the position tasks at high target forces was the rate of increase in aEMG activity of trapezius muscle, even though there was no task effect for the rates of increase in MAP and RPE. Consistent with this result, previous studies have shown that the activity of accessory muscles can limit the duration that a position task can be sustained (16, 40) .
The present results also showed that the EMG activity of the elbow flexors was greater for the force task than the position task at the 60% target force. One potential explanation for this unexpected finding was a difference in pronation-supination torques during the force task at the highest target force that could not be detected by the uniaxial force transducer. Whereas subjects were explicitly required to control the amount of pronation and supination of the forearm during the position task, this was not the case during the force task. A previous report from our laboratory indicated that variation in the pronation-supination torque during the force task is accompanied by modulation of EMG activity (47) , consistent with the reports of other investigators (7, 25, 35) . Nonetheless, the greater elbow flexor (biceps brachii ϩ brachioradialis) aEMG during the force task at 60% MVC does not seem to have had a major influence on task performance, as there were similar values for the force and position tasks in the initial values and rates of increase in MAP, heart rate, and RPE.
External Mechanical Work is not the Primary Cause for Earlier Task Failure
As mechanical work corresponds to the product of force and displacement in the direction of the applied force and average force was the same at each target force, the external mechanical work done by the muscles during the two tasks was estimated from the force fluctuations. The coefficient of variation for force increased at the same rate during the two tasks and achieved greater values for the final two time points of the force task compared with the position task at all four target forces. This result contrasts with previous findings of a more rapid increase in the fluctuations in motor output during the position task (22, 23, 40, 41) . In the present study, however, a direct comparison of the force fluctuations in the two tasks was possible due to the placement of a strain-gauge force transducer in series with the load. The similarity in time to failure and the greater SDs for force (more external mechanical work) during the force and position tasks at 45 and 60% target forces suggest that task differences in time to failure for the lower target forces cannot be attributed to greater external mechanical work during the position task, as has been suggested for intermittent contractions (45) . Furthermore, the continued increase in the coefficient of variation for force and progressive increase in external mechanical work during the force task was not attributable to either the distribution of activity among synergistic muscles or the amount of antagonist coactivation, as these two parameters did not differ between the two tasks. Fig. 8 . Associations between the observed and predicted times to failure for the two tasks at the four target forces. A: time to task failure for the force task was predicted by the rate of increase in CV for force at the target forces of 20 and 30% MVC. The equation for the predicted time to failure for the force task was 94,366 ϩ (Ϫ93,509 ϫ CV for force). B: time to failure for the position tasks performed at low target forces was predicted by the rates of increase in EMG activity of trapezius, CV for force, and rating of perceived exertion. The equation for the predicted time to failure for the position task was 68,087 ϩ (Ϫ44,352 ϫ trapezius aEMG) ϩ (Ϫ23,061 ϫ CV for force) ϩ (Ϫ371 ϫ rating of perceived exertion). C: time to task failure for the force task at the high target forces (45 and 60% MVC) was predicted by the rates of increase in MAP and rating of perceived exertion. The equation for the predicted time to failure for the force task was 242 ϩ (Ϫ440 ϫ MAP) ϩ (Ϫ387 ϫ rating of perceived exertion). D: time to failure for the position tasks performed at high target forces was predicted by the rate of increase in EMG activity of trapezius. The equation for the predicted time to failure for the position task was 4,595 ϩ (Ϫ4,435 ϫ trapezius aEMG).
In summary, the time to task failure for the elbow flexor muscles was briefer for the position task relative to the force task at target forces of 20 and 30% MVC, despite each participant exerting a similar torque about the elbow joint during the two tasks. The briefer time to failure for the position task at the low target forces involved greater rates of increase in neural adjustments, suggesting an increased rate of descending drive and earlier recruitment of the motor unit pool during position control. In contrast, there were no differences between tasks in time to failure for target forces of 45 and 60% MVC, presumably due to the occlusion of blood flow at the onset of these contractions and the rapid accumulation of metabolites in the active muscles. Nonetheless, different combinations of variables were able to predict the range of times to failure among participants across tasks and target forces, but estimates of external mechanical work did not differ between tasks at each target force.
